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Selective 2′-hydroxyl acylation and primer
extension
GNRNA pentaloop
3′ Untranslated regionThe 3′ untranslated regions (UTRs) of many plant viral RNAs contain cap-independent translation elements
(3′ CITEs). Among the 3′ CITEs, the Barley yellow dwarf virus (BYDV)-like translation elements (BTEs) form a
structurally variable and widely distributed group. Viruses in three genera were known to harbor 3′ BTEs,
deﬁned by the presence of a 17-nt consensus sequence. To understand BTE function, knowledge of
phylogenetically conserved structure is essential, yet the secondary structure has been determined only for
the BYDV BTE. Here we show that Rose spring dwarf-associated luteovirus, and two viruses in a fourth genus,
Umbravirus, contain functional BTEs, despite deviating in the 17 nt consensus sequence. Structure probing by
selective 2′-hydroxyl acylation and primer extension (SHAPE) revealed conserved and highly variable
structures in BTEs in all four genera. We conclude that BTEs tolerate striking evolutionary plasticity in
structure, while retaining the ability to stimulate cap-independent translation.gy, 351 Bessey Hall, Iowa State
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Upon entry into the host cell, the genomic RNA of a positive-sense
RNA virus must ﬁrst be translated to generate the viral proteins
necessary for RNA replication. The very small number of initially
infecting RNAs must compete with actively translating host mRNAs
for the host translation machinery. Thus, plant viral RNAs have
evolved a variety of mechanisms to usurp host factors for their own
translation. An increasing number of translation enhancer elements
have been identiﬁed in the untranslated regions (UTRs) of plant
positive-sense RNA viruses (Dreher and Miller, 2006; Kneller et al.,
2006; Miller et al., in press).
All nonviral eukaryotic mRNAs have a 5′-cap structure, and all
plant and most animal mRNAs have a 3′-poly (A) tail. These
modiﬁcations are essential for recruitment of translation initiation
factors and the ribosome to the mRNA and for mRNA stability (Hentze
et al., 2007; Jackson et al., 2010). In contrast to canonical mRNAs,
mRNAs of many positive-sense RNA viruses lack a 5′ cap structure and
instead contain a cap-independent translation element (CITE), thatallows for efﬁcient translation initiation. Among the CITEs located in
the 5′ UTRs of animal and some plant viruses, are internal ribosome
entry sites (IRESes) which recruit the 40S ribosomal subunit directly
to the mRNA (Filbin and Kieft, 2009; Jan, 2006; Niepel and Gallie,
1999; Zeenko and Gallie, 2005; Karetnikov and Lehto, 2007). In
contrast, many uncapped plant viral RNAs harbor a CITE in the 3′ UTR
of the genome (Kneller et al., 2006; Fabian and White, 2004; Scheets
and Redinbaugh, 2006; Stupina et al., 2008;Wang et al., 2009). The 3′-
CITEs identiﬁed so far fall into about seven or eight distinct classes
based on their sequence and secondary structures (Miller et al., 2007).
These elements show no obvious sequence or structural similarity to
each other, except that most harbor a stem-loop in which the loop
sequence is known or predicted to base pair to the 5′-UTR (Guo et al.,
2001; Fabian and White, 2004; Miller and White, 2006; Karetnikov
and Lehto, 2008).
Barley yellow dwarf virus (BYDV) and viruses in four genera
(below) harbor a BYDV-like CITE (BTE) in their 3′ UTRs. Phylogenetic
comparisons, mutagenesis, and structural probing of the BYDV BTE
revealed that the BTEs contain a 17 nt conserved sequence, (17 nt CS)
GAUCCCUGGGAAACAGG that forms a stem-loop (SL-I) in which the
underlined bases are paired (Guo et al., 2000; Mizumoto et al., 2003;
Shen and Miller, 2004; Meulewaeter et al., 2004). The BYDV BTE
adopts a cruciform secondary structure with three stem-loops
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viral genome by a fourth basal helix (Guo et al., 2000). The loop of
one of the stem-loops (SL-III in the BYDV BTE) must base pair to the 5′
UTR in a kissing stem-loop interaction to facilitate cap-independent
translation (Guo et al., 2001; Rakotondrafara et al., 2006). This
interaction may ensure localization of initiation factor eIF4G, which
binds the BTE (Treder et al., 2008), to the 5′ end where the 40S
ribosomal subunit is recruited.
To understand how the BTE structure brings about its function,
phylogenetic comparisons with other viral 3′ CITEs reveal which
sequences and structures are essential and which are not. Indeed, 3′
CITEs resembling, but differing signiﬁcantly from, the BYDV BTE have
been demonstrated in other viruses, including Tobacco necrosis
viruses A and D (TNV-A, TNV-D) (Meulewaeter et al., 2004; Shen
and Miller, 2004) and Red clover necrotic mosaic virus (RCNMV) RNA
1 (Mizumoto et al., 2003). These were identiﬁed as BTEs, because they
harbor a sequence that is identical, or nearly-identical, to the 17 nt CS.
The BTEs from TNVs A and D (which, despite their similar names, are
quite distinct viruses), are predicted to lack a structural homolog to
SL-II of the BYDV BTE (Meulewaeter et al., 2004; Shen and Miller,
2004). In contrast, the BTE of RCNMV is predicted to have ﬁve stem-
loops radiating from the central core, in addition to the basal helix
(Mizumoto et al., 2003; Sarawaneeyaruk et al., 2009). However, no
direct structural analyses have been performed on any of the BTEs
except that of BYDV (Guo et al., 2000).
To understand how the BTEs function, it is necessary to determine
the essential sequence and structural features they share. Sequences
matching or resembling the 17 nt CS are present in all members of the
Luteo-, Diantho- and Necrovirus genera (Mizumoto et al., 2003; Shen
and Miller, 2004; Wang et al., 1997) and, we report here, in two
viruses of genus Umbravirus (Table 1). Here we determine the
functions and structures of 3′ UTR elements which contain sequences
resembling, but not perfectly matching, the 17 nt BTE consensus, or
which contain secondary structures that differ from those character-
ized to date. We report: (i) the ﬁrst known BTEs in genus Umbravirus,
(ii) a functional BTE in the Rose spring dwarf-associated luteovirus
(RSDaV) 3′ UTR which differs substantially from other known BTEs by
having large tracts of unpaired bases, (iii) less functional BTEs andTable 1
17 nt conserved sequence in all known or predicted BTEs.
Virus 17 nt conserved sequen
Genus Luteovirus
Barley yellow dwarf virus-PAV (BYDV-PAV) GGAUCCUGGGAAACAGG
Barley yellow dwarf virus-PAS (BYDV-PAS) .A...............
Soybean dwarf virus (SbDV) .................
Bean leafroll virus (BLRV) .A...............
Rose spring dwarf-associated virus (RSDaV) .........U.......
Genus Dianthovirus
Red clover necrotic mosaic virus (RCNMV) ...C.............
Carnation ringspot virus (CRSV) ........A........
Sweet clover necrotic mosaic virus (SCNMV) ...C.....U.......
Genus Necrovirus
Olive latent-1 (OLV-1) .........U.G.....
Olive mild mosaic virus (OMMV) .................
Tobacco necrosis A (TNV-A) .................
Tobacco necrosis D (TNV-D) .................
Leek white stripe virus (LWSV) A.....C.-AG...G..
Black beet scorch virus (BBSV) .A.......U.......
Genus Umbravirus
Tobacco bushy top virus (TBTV) .................
Groundnut rosette virus (GRV) ......G.......U..
Dot: identical to BYDV-PAV, underlined: paired bases in SL-I of BYDV BTE. GenBank® a
demonstrate a functional BTE are shown.non-functional BTE-like sequences that differ from consensus in the
17 nt CS, (iv) chemical determination of actual secondary structures of
BTEs from four viral genera, and (v) conserved structural features
common to all BTEs. These results reveal that the BTE structure shows
substantial plasticity, both in phylogenetic terms, and possibly
physically, compared to other known cap-independent translation
elements or IRESes.
Results
A functional BTE in umbravirus 3′ UTRs
The tract spanning nts 3742–3758 in the 3′ UTR of the tobacco
bushy top umbravirus (TBTV) genome (GenBank AF402620) matches
the 17 nt CS consensus perfectly (Table 1). Moreover, the predicted
secondary structure of the putative TBTV BTE resembles that of BYDV
except that the ﬁrst four bases of the conserved sequence may be
weakly base paired to extend SL-I, and there is a small stem-loop
expected to branch from the end of SL-III (Fig. 1A).
To determine whether the predicted TBTV BTE confers cap-
independent translation, a reporter construct was prepared which
consists of the full-length 5′ and 3′ untranslated regions of TBTV
genome ﬂanking the ﬁreﬂy luciferase ORF (construct TUlucTU, Fig 1B).
The mRNA was produced by in vitro transcription driven by a T7 RNA
polymerase promoter immediately upstream of the TBTV 5′ UTR. The
resulting TUlucTU transcripts were translated in wheat germ extract
in amounts (4 nM) well below the saturating levels, so the levels of
luciferase activity were proportional to the translation efﬁciency of
the mRNA. Because the viral cap-independent translation element is
deﬁned as a sequence sufﬁcient to functionally replace a 5′ cap,
translation of both capped and uncapped TUlucTU RNAs was
measured. Uncapped TUlucTU translated 57% as efﬁciently as the
capped version (Fig 1C). Deletion of the 3′UTR, or a four base insertion
(GAUC) in the natural BamH I site in the 17 nt CS (construct
TUlucTUBF), reduced luciferase expression of uncapped RNA to 20%
of the capped version. The GAUC insertion is known to knock out cap-
independent translation activity of the BYDV and TNV BTEs (Guo et al.,
2000; Shen and Miller, 2004). Notice that the capped transcriptsce Accession no. Reference
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NC_003806
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ccession numbers of the viral genome sequence and references to publications that
Fig. 1. Umbravirus 3′ UTRs contain a BTE. (A) Representative predicted (Mfold) secondary structure of the BTE in the 3′ UTR of TBTV genomic RNA, and relative translation activities
of selectedmutants. 17 nt CS is in bold italics. The shaded bases were deleted inmutants dm1 and dm2 as indicated. Inmutants sm1 and sm2, bases in dashed boxes were replaced by
bases in solid boxes (dashed arrows). The luciferase activity generated by translation of uncapped mutant RNAs, as a percentage of wild type (100%) is indicated. (B) Genome
organization of TBTV RNA and maps of translation reporter constructs containing TBTV UTRs. TUlucTU contains both complete UTRs of TBTV ﬂanking the ﬁreﬂy luciferase coding
sequence (fLUC). TUluc has only the TBTV 5′ UTR. TUlucTUBF differs from TUlucTU by only a 4 nt insertion (underlined) in the BamH I site. Bases are numbered according to their
position in the TBTV genome. (C) Relative translation activities of capped and uncapped reporter mRNAs in wheat germ extract. Luciferase activities obtained from the indicated
RNAs are normalized to uncapped TUlucTU (deﬁned as 100%) and shown as RLU (relative light units). Error bars indicate standard error. (D) Predicted secondary structure of the
GRV BTE. The 17 nt CS (italics) is in the dashed box, with bases that deviate from consensus indicated in bold italics. Mutant sequence (CS) which is identical to the consensus 17 nt
CS is indicated at right by dashed arrow. (E) Map of reporter RNA GlucG. GlucG contains the GRV 5′ UTR and a chimeric 3′ UTR consisting of the TBTV 3′ UTR with the putative GRV
BTE in place of the TBTV BTE. Positions of bases from each virus are indicated. (F) Relative translation activities of capped and uncapped reporter mRNAs in wheat germ extract.
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(TUlucTUBF) translated at levels similar to that of uncapped transcript
harboring the intact TBTV 3′ UTR (Fig. 1C). Moreover, when these
constructs were tested in protoplasts, TUlucTU translated about 30-
fold more efﬁciently than TUlucTUBF. However, translation of both
constructs was low in protoplasts, probably due to the very short
10 nt 5′ UTR which may be removed by 5′–3′ cellular exonucleases in
the absence of a 5′ cap. Overall, these results resemble those observed
previously with BYDV (Guo et al., 2000; Wang et al., 1997, 1999) and
TNV BTEs (Meulewaeter et al., 2004; Shen and Miller, 2004),
indicating that TBTV harbors a 3′ BTE.
To map the minimal length of TBTV BTE necessary for cap-
independent translation, deletions were made in the 3′ UTR of
TUlucTU and corresponding RNAs were tested in wheat germ extract
for their ability to support translation. Translation levels with 3′ UTRsconsisting of TBTV nts 3712–3872 or nt 3724–3838 were greater than
80% of the levels obtained from full-length viral 3′ UTR (TUlucTU). In
contrast, uncapped reporter mRNA containing only TBTV nts 3731–
3828 (Fig. 1A) in the 3′ UTR translated less than 20% as efﬁciently as
with the full 3′ UTR. Thus we deﬁne the element spanning nts 3724 to
3838 as the TBTV BTE.
We next tested the necessity of predicted structures of the TBTV
BTE that are absent in all other BTEs (SL-IIIB) or absent in TNV BTEs
(SL-II) (Fig. 1A). Deletion of SL-II (dm1), replacement of the G in the
junction between SL-I and SL-III with AUAU (sm1) or deletion of SL-
IIIB (dm2), reduced translation to approximately 20% of that obtained
with uncapped, wild type TUlucTU (Fig. 1A). Replacement of the
GUAAC sequence in loop III, which is predicted to kiss with a loop in
the 5′ UTR, with the sequence GUGGA (sm2) retained just over one-
third of wild type translation activity. However, structural probing
Fig. 2. RSDaV 3′ UTR contains a functional BTE. (A) A representative predicted
secondary structure of the RSDaV BTE (Salem et al., 2008). 17 nt CS is shown in bold
italic. (B) Genome organization of RSDaV RNA and maps of translation reporter
constructs. RSlucRS has both UTRs of RSDaV ﬂanking the luciferase coding sequence
(fLUC). RSluc has only the RSDaV 5′ UTR. RSlucRSBF differs from RSlucRS only by a 4 nt
GAUC insertion (underlined) in the BamH I site. Bases are numbered according to their
position in the RSDaV genome. (C) Relative translation activities of capped and
uncapped reporter mRNAs in wheat germ extract. Luciferase activities are normalized
to uncapped RSlucRS (deﬁned as 100%). Error bars indicate standard error.
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not exist in the predicted structures. In summary, the TBTV BTE is
sensitive to changes, even in regions that are not obviously conserved
in other BTEs.
A potential BTE in the 3′ UTR of Groundnut rosette umbravirus
(GRV) contains the sequence 3639-GGAUCCCGGGAAACUGG-3655
(GenBank NC_003603), which differs from the 17 nt CS at two
positions (bold, italic). This would be expected to weaken or disrupt
the SL-I base pairing in the consensus (underlined). However, Mfold
predicts a four base pair SL-I, as in the canonical BTE, but with the two
strands of the helix shifted, giving a GAAA tetraloop (Fig. 1D). Also,
there is no structural equivalent to SL-II, instead there is a tract of 17
unpaired bases upstream of SL-III (Fig. 1D). The 17 nt CS tracts of both
umbraviruses are located near the middle of the 645 nt (TBTV) or
535 nt (GRV) 3′ UTR (Fig. 1). This differs from the BYDV and TNV BTEs
which are located at the 5′ end of the 3′ UTR, immediately down-
stream of the stop codon of the upstream ORF.
Wewere unable to obtain clones of the GRV sequences because the
virus is a serious pathogen limited to Africa. Thus, to test the GRV
sequence for BTE function, the 12 nt GRV 5′ UTR and the 120 nt
predicted GRV BTE sequence were synthesized, and subcloned into
the TUlucTU clone in place of the TBTV 5′ UTR and BTE, respectively,
giving rise to construct GlucG (Fig 1E). Uncapped GlucG mRNA
translated slightlymore efﬁciently than uncapped TUlucTUmRNA and
70% as efﬁciently as capped GlucG mRNA (Fig. 1F). Thus, functional
replacement of the TBTV BTE with the GRV sequence indicates that
the GRV sequence also functions as a cap-independent translation
element. To further analyze the signiﬁcance of the deviations from the
17 nt CS, we mutated the GRV 17 nt CS to match the BYDV consensus
sequence. The uncapped transcript translated slightly more efﬁciently
than wild type and nearly as well as the capped version (GlucGcs,
Fig. 1F). Thus, while the perfect consensus may provide slightly more
efﬁcient cap-independent translation than the natural GRV 17 nt CS, it
appears that the BTEmay tolerate the base differences in thewild type
17 nt CS of GRV with little effect on function, at least in uncompetitive
conditions in wheat germ extract.
The RSDaV genome contains a functional BTE element in the 3′ UTR
The genome organization and sequence of recently-discovered
Rose spring dwarf-associated virus (RSDaV) are very similar to those
of luteoviruses including BYDV (Salem et al., 2008), indicating that
RSDaV belongs in genus Luteovirus. The 3′UTR of RSDaV also harbors a
17 nt CS (bases 5190–5206) that differs from the BTE consensus at one
base (a G–U transversion at position 10, Table 1). Downstream of this
sequence is a predicted stem-loop capable of forming a kissing-loop
interaction with the 5′ UTR, like the BYDV BTE. As in the case of BYDV,
this stem-loop contains ﬁve predicted loop bases (UUGUC in RSDaV,
UGUCA in BYDV) complementary to loop sequences in the predicted
5′ end of subgenomic RNA1 and the 5′ end of genomic RNA (Salem
et al., 2008). However, the predicted RSDaV BTE secondary structure
differs strikingly from other known and predicted (below) BTEs
(Fig. 2A). All known BTEs are predicted to contain stem-loops that
radiate from a central hub, while the putative RSDaV BTE is predicted
to have large tracks of unpaired or weakly paired sequence between
predicted stem-loops SL-I, SL-II and SL-III and these putative stem-
loops don't all project from a central hub. Many suboptimal structures
with very similar minimum free energies were predicted by Mfold
(Salem et al., 2008), indicating a relatively unstructured RNA.
To test whether the predicted RSDaV BTE confers cap-independent
translation, it was tested by the same type of construct that was used
for TBTV: an mRNA encoding the ﬁreﬂy luciferase gene ﬂanked by the
complete 5′ and 3′ UTRs of RSDaV genomic RNA (construct RSlucRS,
Fig. 2B). The uncapped transcript yielded 50% as much luciferase as
the capped transcript (Fig. 2C). The ratio of luciferase obtained from
uncapped to capped transcripts dropped to 15–17% when reporterRNAs lacking the viral 3′ UTR, or containing the GAUC insertion in the
BamH I site of the 17 nt CS were translated. Importantly, the capped
versions of constructs with the mutant or deleted 3′ UTR translated
about as efﬁciently as uncapped mRNA containing wild type UTRs, as
was observed for other BTEs (e.g. Fig. 1C). Thus, we conclude that the
RSDaV 3′ UTR contains a functional 3′ BTE.
Structure solution probing of BTE elements
Although the secondary structures of many BTEs have been
predicted, only that of BYDV has been determined directly. Because
the predicted structures are so diverse, we set out to directly probe
the secondary structures of diverse BTEs by Selective 2′-Hydroxyl
Acylation analyzed by Primer Extension (SHAPE) (Mortimer and
Weeks, 2007; Wang et al., 2009; Wilkinson et al., 2006). SHAPE
chemistry reveals the position of unpaired or otherwise conforma-
tionally unconstrained nucleotides, whose 2′-hydroxyl group is able
to form a 2′-O-ester product with SHAPE reagents N-methylisatoic
anhydride (NMIA) or 1-methyl-7-nitroisatoic anhydride (1M7)
(Mortimer and Weeks, 2007; Wilkinson et al., 2006). The modiﬁed
sites block reverse transcriptase so they can be identiﬁed by primer
extension followed by polyacrylamide gel electrophoresis. Based on
the previous solution structure probing of Pea enation mosaic virus
Fig. 3. Cassette for structure probing of BTEs, and test of function by trans-inhibition of
translation. (A) RNA cassette probing and reverse transcription. The cDNA of the RNA
element of interest (bold gray line) was inserted between EcoR I and Hpa I sites of the
structure probing cassette upstream of nts 3924–3981 from PEMV RNA2 which form the
stem-loop between the Hpa I and Sma I sites. Sma I-linearized plasmids were used as
templates to transcribe theRNAelements for trans-inhibition assaysand structureprobing.
The black arrow along the sequence indicates sequence towhich the 32P-labeled oligomer
was annealed for primer extension. Large gray arrow indicates start site of transcription by
T7 RNA polymerase. (B) Relative translation levels of uncapped 4 nM BlucB (reporter
mRNAwith BYDVUTRs ﬂanking ﬁreﬂy luciferase coding sequence) inwheat germ extract
containing 400 nMof the indicated viral BTE RNAs from the cassette in panel A (sequences
are shown inTable2).DNAwas linearizedwithSma I (S) orHpa I (H)prior to transcription,
as indicated. (C) Relative translation levels of 4 nMBlucB (black bars) or GlucG (gray bars)
in the presence of BTE RNAs lacking (BTE) or containing (BTE SHAPE) the PEMV sequence
used for the SHAPE primer.
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contains the T7 promoter sequence, and EcoR I and Hpa I sites
upstream of PEMV RNA2 bases 3924–3981 (which are not part of atranslation enhancer), which are followed by a Sma I site (Fig. 3A).
The PEMV RNA2 sequence between the Hpa I and Sma I sites forms a
stem-loop that serves as an excellent primer binding site (Wang et al.,
2009). To investigate the BTE structures, we took advantage of this
sequence as a universal primer binding site, by placing the BTE of
interest between the T7 promoter and the Hpa I site (Fig. 3A). Selected
BTEs, were ampliﬁed and inserted between the EcoR I and Hpa I sites,
and the resulting constructs were linearized with Sma I to allow
transcription of RNAs for structure probing.
To ensure that each BTE folded into a functional conformation in
the context of the structure probing cassette, we tested the
efﬁciency with which each BTE inhibited translation in trans,
comparing the BTE RNA lacking the extraneous sequences to the
version containing the stem-loop from the expression cassette, i.e.
the same RNA that will be used in structure probing assays.
Previously it was established that the trans-inhibition efﬁciencies
of three unrelated CITEs: the STNV TED, BYDV BTE and PEMV RNA2
PTE, correlated well with their translation enhancing activity in cis
(Gazo et al., 2004; Guo et al., 2000; Wang et al., 2009). This is
because they function by binding translation initiation factor
complex eIF4F, and trans-inhibition is likely due to competition by
the trans-inhibiting CITE with the mRNA for eIF4F. BTEs representing
all four genera, BYDV and RSDaV (Luteovirus), TBTV (Umbravirus),
TNV-D (Necrovirus), and RCNMV (Dianthovirus), were added to a
translation reaction containing the BYDV reporter mRNA BlucB.
Except for the RCNMV BTE, all BTEs inhibited translation by 75% to
85% when added in 100-fold excess over the mRNA (Fig 4B). The
RCNMV BTE reduced BlucB translation by 60–75%. Importantly, the
negative control, BTEBF, reduced translation of BlucB by less than
20% when present at the same concentrations as the trans-inhibiting
RNAs. The presence of the 3′ stem-loop in the structure probing
cassette (Sma I-linearized transcripts) had no deleterious effect on
trans-inhibition (Fig. 3B). In some cases presence of the primer
binding site enhanced trans-inhibition (compare RCNMV transcripts
from Sma I- vs. Hpa I-linearized templates, Fig. 3B).
In contrast to the above BTEs, the GRV BTE only slightly inhibited
BlucB translation in trans (Fig. 3C). We speculated that because its
17 nt CS deviates most from consensus, the BTE of GRV may not
compete well with the BYDV BTE in BlucB. To test this, we observed
ability of the GRV BTE to trans-inhibit mRNA containing the GRV BTE
in cis, i.e. GlucG. Indeed, the 100-fold excess of GRV BTE (with or
without the SHAPE primer sequence from PEMV RNA 2) trans-
inhibited translation of GlucG by 50%, and a 200-fold excess inhibited
even more (Fig. 3C). We conclude that the RNAs used for structure
probing are highly likely to form the conformations in which they
function to stimulate translation in cis., and that the GRV BTE does not
compete as well for translation machinery as the other BTEs.
Results of primer extension following exposure of the BTE tran-
scripts to SHAPE reagents reveal that the predicted loops are modiﬁed
more heavily than ﬂanking paired bases (Fig. 4). The SHAPE
reactivities for each nucleotide in the BTE are superimposed on the
best ﬁtting RNA secondary structure in Fig. 5. SHAPE probing revealed
the presence of SL-I topped by the GNRNA (N= any base, R= purine)
pentaloop sequence in all tested BTEs. The ﬁrst four bases of the 17 nt
CS, GGAU (GGAC in RCNMV RNA1) showed some intriguing common
features. One of the ﬁrst two G's of the 17 nt CS was highly modiﬁed
by SHAPE. In BYDV and TNV-D, the ﬁrst G of the 17 nt CS is highly
modiﬁed, while the adjacent GAU sequence has potential to base pair
to the AUC sequence (underlined, Fig. 5) adjacent to the opposite
strand of stem-IV. In the RCNMV BTE, the second G of the 17 nt CS is
modiﬁed and the ﬂanking G and AC may base pair to a GUC in the
same relative position as the AUC in the above two BTEs. Thus there
appears to be natural covariation to allow the C of the GGAC in RCNMV
RNA1 to base pair in a similar fashion to stem-IV as the U in the GGAU
sequence of the other BTEs. The TBTV and RSDaV BTEs also have
potential base pairing between the GAU and an AUC at the end of
Fig. 4. SHAPE analysis of BTEs from six viral genomes. Primer extension products from RNA treated (+) or not treated (−) with 5 mM 1M7 (See Materials and methods for details).
The sequencing ladders showing positions of U and C residues in the BTEs (lanes U, C) were generated by reverse transcribing unmodiﬁed RNA in the presence of dideoxyATP
(U lane) or dideoxyGTP (C lane) using the same 5′-labeled primer that was used for SHAPE. Numbers to the left of each gel indicate genomic positions of indicated bases. Position of
the hypermodiﬁed G residue at the beginning of the 17 nt CS is indicated by the dot to the right of each gel. Regions corresponding to selected loops (Fig. 5) are indicated by L-[loop
number].
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interactions, because in both cases the AUC ismoderately accessible to
SHAPE reagent, while the pairing most parsimonious with the data isbetween the AU doublet at positions 3 and 4 of the CS and a UG on the
opposite side of stem-I (TBTV, Fig. 5). The only BTE lacking a highly
modiﬁed G at the beginning of the 17 nt CS is the weaker, non-
Fig. 5. Superposition of SHAPE reactivity of each nucleotide on the best ﬁtting secondary structures of BTEs. Bases are color coded based on the intensity of the bands in Fig. 4 which
reﬂects the level of modiﬁcation by 1M7. Nucleotides are numbered according to their positions in the viral genome. 17 nt CS is in bold italics. The three base sequence (AUC or GUC)
complementary to the 5′ end of the 17 nt CS (see text) is underlined. Boxed bases are known (BYDV and TNV-D) or predicted (other BTEs) to base pair to the 5′ UTR.
183Z. Wang et al. / Virology 402 (2010) 177–186consensus GRV BTE in which G's at that position were modiﬁed only
moderately.
Another characteristic structural element predicted by Mfold and
veriﬁed by SHAPE in all BTEs is the highly stable SL-III. Although it is
not always the third stem-loop downstream of SL-I, with the
exception of the RCNMV BTE, we deﬁne SL-III as the GC-rich stem-
loop containing a loop capable of base pairing to the 5′ UTR, as is the
case for BYDV. The terminal loop of SL-III in BYDV and TNV-D BTEs
was shown experimentally to base pair to a loop region in the 5′ UTR
of the genomic RNA (Guo et al., 2001; Miller and White, 2006; Shen
and Miller, 2004). What we call SL-III in the RSDaV BTE is predicted to
base pair to a loop in the genomic 5′ UTR (Salem et al., 2008). In
contrast, the TBTV BTE interactionwith the 5′UTR remains ambiguous
because the genomic 5′ UTR has only 10 nucleotides. Moreover,
SHAPE analysis is consistent with a different conformation at the
distal end of SL-III than predicted by Mfold as in Fig. 1. The end
branches into two very short stem-loops instead of one three base pair
stem-loop protruding from a large asymmetrical bulge (compare
TBTV Fig. 5 with Fig. 1A).
The SHAPE results also differ from the three most stable structures
of the RSDaV BTE predicted using Mfold (Salem et al., 2008) (Fig. 2A).
The predicted stem-loop II does not exist, instead these basesparticipate in a long, bulged stem-loop that we call SL-II (Fig. 5). We
were unable to identify a structure that reconciled all of the structure
probing data, hence some unmodiﬁed nucleotides are shown as
single-stranded and some modiﬁed ones are base paired. SHAPE
probing revealed that SL-III is in a different position than predicted
and, in fact, is located near SL-I, which more closely resembles its
position in the other BTEs. However RSDaV SL-III is ﬂanked by a very
large number of unpaired bases. The basal helix of the RSDaV BTE also
resembles the other BTEs more closely than predicted because SHAPE
reveals that it connects to the viral genome at the end of the helix,
rather than at the side of a stem-loop as predicted (compare Fig. 5
with Fig. 2A).
At 150 nt long, the RCNMV RNA1 BTE (known as 3′TE-DR1,
Mizumoto et al., 2003) is the longest and most structurally com-
plicated of the BTEs. The SHAPE data are in good agreement with the
structure predicted by Okuno's group (Mizumoto et al., 2003;
Sarawaneeyaruk et al., 2009) (Fig. 5). However, the SL-II loop is
larger than predicted and predicted loop V was poorly modiﬁed by
1M7 indicating that this region is inaccessible, base paired or con-
strained in some other way. The UU bases in the SL-III loop were not
reactive to 1M7, perhaps because they are constrained in a highly
stable UNCG tetraloop ﬂanked by a C–G base pair (Molinaro and
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base pair to predicted single stranded tracts in the 5′ UTR (boxed
Fig. 5), but Sarawaneeyaruk et al. (2009) showed that no single loop in
the RCNMV BTE is required to base pair to the 5′ UTR for cap-
independent translation. However the authors did not quite rule out
the possibility that any of the three loops may be sufﬁcient for base
pairing to the 5′ UTR.
Discussion
Wedeﬁne BTEs as RNA sequence elements, located naturally in the
3′ UTR, that confer efﬁcient cap-independent translation, and that
harbor a sequence resembling the 17 nt CS.We showed here that BTEs
exist in viruses in four genera representing portions of two virus
families. One genus, Umbravirus, has not been assigned to a family. To
our knowledge, this is the ﬁrst report of BTEs in the Umbravirus genus.
Interestingly, a different umbravirus, PEMV RNA 2, contains a
completely different CITE (the PTE) (Wang et al., 2009), and a fourth
umbravirus, Carrot mottle mimic virus, seems to have neither a BTE
nor a PTE in its 3′ UTR. This lack of relationship between type of CITE,
and classiﬁcation of the virus, extends to the other genera and their
families. Of the three genera in the Luteoviridae, only genus Luteovirus
harbors a BTE. The CITEs of the other Luteoviridae genera, if any, are
unknown. Of the eight genera in the Tombusviridae, only two,
Necrovirus and Dianthovirus harbor BTEs. The other Tombusviridae
genera contain a variety of diverse, and apparently unrelated CITES
(Meulewaeter et al., 1998; Gazo et al., 2004; Fabian and White, 2006;
Scheets and Redinbaugh, 2006; Truniger et al., 2008; Stupina et al.,
2008; Miller et al., 2007), including one genus, Panicovirus, which
harbors the same type of CITE (PTE) as the umbravirus PEMV RNA2
(Jeffrey et al., 2006; Wang et al., 2009).
Based on the results presented here and elsewhere (Guo et al.,
2000; Mizumoto et al., 2003; Sarawaneeyaruk et al., 2009), the
consensus of known functional 17 nt conserved sequences is:
GgAuCCuGGgAAACaGG (bases in lower case can be altered) and it
must be able to form a four base pair helix. The consensus of the 17 nt
CS of all known and predicted BTEs is ggAuCCuGggaaACaGG (Table 1).
While it is not known whether all the non-consensus 17 nt conserved
sequences are functional in their natural context, it is likely that the
17 nt CS tolerates different types of deviations, but not a large number
in the same sequence.
The situation is more ambiguous with regard to secondary
structure. All functional and structure-probed BTEs have the following
features. (i) A long, bulged, basal connecting helix from which a
number of helices radiate at the distal end. (ii) The 17 nt CS which
begins at the distal end of the basal helix. (iii) Three of the 5′-proximal
four bases of the 17 nt CS have potential to base pair to a com-
plementary sequence on the opposite side of the basal helix, but if this
base pairing exists it is not essential, and in TBTV these bases may
instead pair to bases downstream of SL-I (Fig. 5). (iv) The ﬁrst or
second guanidylate of the 17 nt CS is modiﬁed by SHAPE reagent
(dots, Fig. 4) indicating it is exposed and unlikely to be base paired.
The lesser modiﬁcation of the G in the 17 nt CS of the GRV BTE may
explain the weak activity of the GRV BTE as measured in the trans-
inhibition assay (Fig. 3C). (v) Bases 5–17 of the 17 nt CS form a four
base pair helix connected by a ﬁve base loop that ﬁts the consensus
GNRNA pentaloop motif (or in rare cases a GNRA tetraloop). The
GNRNA pentaloop is highly stable, resembles a GNRA tetraloop, and is
known to be a protein binding site in bacteriophage lambda RNA
(Legault et al., 1998). (vi) A stable stem-loop we call SL-III has at least
six uninterrupted base pairs, of which at least four are G–C or C–G
pairs. Its loop is predicted to base pair to the 5′UTR, except for RCNMV
in which the kissing stem-loop, if any, may be one of three different
loops. (vii) Unpaired bases link together many of the helices radiating
from the central hub, suggesting a relatively ﬂoppy structure or
structure determined by non-Watson–Crick interactions. (viii) Theorientation of SL-III relative to the hub is expected to be variable or
ﬂexible as it is linked to the hub by unpaired, SHAPE-modiﬁable bases.
We speculate that the basal helix functions as a platform for proper
folding of the rest of the BTE. In all of the most stable structures
predicted by Mfold analysis of the entire BYDV genome, the BTE folds
correctly and protrudes distinctly (data not shown). We propose that
this makes the BTE accessible to translational machinery and also aids
in allowing the kissing stem-loop III access to the 5′ end of the genome
to which it base pairs. One suggested model for the BTE mechanism
was that the GGAUC at the 5′ end of the 17 nt CS may base pair to the
3′ end of the 18S rRNA, analogous to the Shine–Dalgarno interaction
in bacteria (Wang et al., 1997). However, the presence of natural
deviations from consensus, such as the GGACC in RCNMV, and the lack
of SHAPE accessibility of all but one highlymodiﬁed G in this sequence
render that model unlikely.
Previous data indicate that the BTE binds the eIF4G subunit of
eIF4F, leading to our model that the BTE delivers eIF4F to the 5′UTR by
long-distance base pairing and that this, in turn, recruits the 40S
ribosomal subunit to the 5′ end (Treder et al., 2008). The 40S subunit
then binds the 5′ end of the RNA and scans to the start codon by the
samemechanism as on normal cappedmRNAs. (Rakotondrafara et al.,
2006).
One candidate for a protein binding site in the BTE is the 17 nt CS.
In all BTEs (except for the weak GRV BTE, which contains a GNRA
tetraloop), the 17 nt CS contains a consensus GNRNA pentaloopmotif.
High resolution NMR structural analysis of bacteriophage lambda box
b RNA revealed a similar stem-loop containing the GNRNA loop. In this
loop, the G and A are paired and all bases except the protruding fourth
base are stacked in a helix, folding as in a GNRA tetraloop (Legault
et al., 1998). A GNRA or GNRNA loop is sufﬁcient for binding of the
lambda N protein, while the 4th protruding base of the GNRNA loop is
required for subsequent binding of the E. coli transcription elongation
factor NusA. We speculate that the 17 nt CS forms a similar structure
which is bound speciﬁcally by eIF4F (directly by the eIF4G subunit and
indirectly by the eIF4E subunit) and other as-yet unidentiﬁed BTE-
binding proteins (Treder et al., 2008). The data presented here will
guide future research into the RNA structural requirements for high
afﬁnity binding to these factors.
Materials and methods
Plasmids
A full-length clone of the Tobacco bushy top virus (TBTV) genome
was assembled from cDNA segments as described (Mo et al., 2003).
TUlucTU is a ﬁreﬂy luciferase (luc2, Promega) reporter construct with
ﬁreﬂy luciferase gene ﬂanked by the 5′ and 3′ UTRs of TBTV (Fig. 1).
The 10 nt 5′ UTR was fused directly between the T7 promoter and the
luciferase start codon by PCR using primer T7-TBTV5′Luc2 5′ and
Luc2-r1. The PCR product was digested by EcoR I and Xba I and
inserted into EcoR I and Xba I-digested pKF19K-2 vector (TaKaRa).
The 3′UTR of TBTVwas ampliﬁed using primer TBTV 3′UTRf and TBTV
3′ UTRr, digested with Pst I and Xba I and inserted into Pst I and Xba I-
digested pKF19K-2 vector containing the TBTV 5′ UTR and luc2 as
described above. The resulting construct was designated as pTUlucTU.
pTUlucTUBF is a mutant vector generated from pTUlucTU with a
duplication of the GATC sequence in the 17 CS of the BTE. It was
generated by digesting with BamH I and then ﬁlling in the sticky ends
with DNA polymerase Pfx (Invitrogen) followed by blunt-end re-
ligation.
pGlucG was derived by inserting the PCR-ampliﬁed 12 nt 5′ UTR of
GRV into EcoR I/Sca I-digested pTUlucTU, in place of the TBTV 5′ UTR.
The resulting intermediary construct was cut with XbaI/XhoI in the 3′
UTR to replace the TBTV BTE sequence with the PCR fragment
containing the GRV BTE sequence to give rise to the ﬁnished pGlucG
construct (Fig. 1E).
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UTRs. The RSDaV 5′ UTR was ampliﬁed by overlapping PCR using
primer RSDaV 5′ UTRf/RSDaV OL1, RSDaV OL1/luc72–53r to amplify
two segments and then fused together using primer RSDaV 5′ UTRf/
luc72–53r. The resulting PCR product was digested with Xba I and
Hind III and then ligated into Xba I and Hind III-digested pGEM®-luc
(Promega). The 3′ UTR of RSDaV was ampliﬁed using primers RSDaV
3′ UTRf/RSDaV OL3, RSDaV OL4/RSDaV 3′ UTRr from two cDNA
segments and then fused to generate the full RSDaV 3′ UTR by PCR
using RSDaV 3′ UTRf/RSDaV 3′ UTRr. The PCR product was digested
with Stu I and Sac I and then ligated into Stu I and Sac I-digested
pGEM®-luc vector with RSDaV 5′ UTR as described above. The re-
sulting construct was designated pRSlucRS.
To generate RNAs from plasmids for trans-inhibition assays and
solution structure probing, a universal cassette was generated and
inserted into the PUC19 vector. The cassette contains the T7 promoter
sequence, EcoR I and Hpa I sites, a stem-loop segment from PEMV
RNA2 (nt 3924–3981) and a Sma I site sequence (Fig. 3). Individual
BTE segments (Table 2) were ampliﬁed and inserted between the
EcoR I and Hpa I sites.
RNA preparation
To generate templates for transcription of mRNAs, plasmids
pTUlucTU, pGlucG, pBlucB, and pRSlucRS were linearized with Hind
III, Hind III, Sma I and Sac I, respectively. Capped and uncapped RNAs
were synthesized by using mMessage mMachine® and MEGAscript®
(Ambion), respectively, according to the manufacturer's instructions.
Small RNA segments for trans-inhibition assays and solution structure
probing were transcribed from Hpa I or Sma I-linearized plasmids
using MEGAshortscript™ (Ambion) except for the GLucG derived
segments. The GLucG BTE with or without the PEMV primer sequence
were transcribed from Kpn I-linearized plasmid to include the SHAPE
cassette for structure probing or from PCR-ampliﬁed GRV BTE
segment designed to exclude the cassette for trans-inhibition studies.
For trans-inhibition and structure probing, RNA integrity was
estimated by 0.8% agarose gel electrophoresis. Final concentration
and purity was determined by spectrophotometry.
In vitro translation
In vitro translation reactions were performed in wheat germ
extract (Promega) as described (Wang et al., 2009). Nonsaturating
amounts of RNAs (0.2 pmol) were translated in wheat germ extract in
a total volume of 25 μl with amino acids mixture, 93 mM potassium
acetate and 2.1 mM MgCl2 according to the manufacturer's instruc-
tions. In trans-inhibition experiments, the mRNA and competitor RNA
were mixed prior to addition to the translation reaction. After 1 hTable 2














The cDNAs were ampliﬁed and inserted between EcoR I and Hpa I sites of the universal SHAP
BYDV-PAV BTE for extension of SL-III was indicated in italic.incubation at room temperature, 2 μl of the translation reaction
product was mixed into 50 μl of Luciferase assay reagent (Promega),
and measured immediately on a GloMax™20/20 Luminometer
(Promega).
In vivo translation
Uncapped TUlucTU or TUlucTUBF RNAs were co-electroporated
into oat protoplasts with capped mRNA encoding Renilla luciferase as
an internal control. Protoplasts were prepared and assays performed
as described previously (Rakotondrafara et al., 2006). Four hours
following the electroporation, the luciferase activities were measured
with Dual Luciferase Reporter Assay System™ of Promega and Fireﬂy
relative light units (RLUs) were normalized against the Renilla relative
light units. RLUs measured in the absence of added luciferase mRNA
were subtracted from the values obtainedwith TUlucTU or TUlucTUBF
mRNAs. All samples were tested in triplicate.
Structure probing
Plasmids with individual BTE segments in the PEMV RNA2-derived
universal cassette were linearized with Sma I to be used as template
for generation of RNA transcript using MEGAshortscript™ Kit
(Ambion). Selective 2′-Hydroxyl Acylation analyzed by Primer
Extension (SHAPE) (Wilkinson et al., 2006) was applied to probe
selected BTE elements following the procedure described previously
(Wang et al., 2009; Wilkinson et al., 2006). Brieﬂy, 500 ng of RNA was
heat denatured and renatured in SHAPE buffer (50 mM HEPES–KOH,
pH 7.2, 100 mM KCl and 8 mM MgCl2) at room temperature. 1-
methyl-7-nitroisatoic anhydride (1M7) in 50 mM in anhydrous DMSO
(Mortimer and Weeks, 2007) was mixed into the renatured RNA
aliquot at a 1/10 (v/v) ratio. After 2 min at room temperature, the
RNA was mixed with four-fold excess tRNA and precipitated in 3
volumes of ethanol and 1/10 volume 3 M sodium acetate. Control
RNA was treated with same amount of DMSO without 1M7. The
primer (GATCTTTTTGGGCGAGACATC (Wang et al., 2009), shown here
in Fig. 3, was 5′ end-labeled with γ-[32P] ATP and used for the
extension reaction. Primer extension, gel electrophoresis and visual-
ization by phosphorimager were performed as described previously
(Wang et al., 2009; Wilkinson et al., 2006). RNA secondary structures
were deduced from solution probing data and the best ﬁtting Mfold
prediction (Zuker, 2003).
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